###### Strengths and limitations of this study

-   Automatic physiological data collection by wearable biosensors that do not rely on self-discipline of quarantined subjects.

-   Large number of physiological parameters monitored, including skin temperature, respiratory rate, blood pressure, pulse rate, blood oxygen saturation and daily activities, instead of relying solely on temperature measurement.

-   Continuous data collection and analysis throughout the day.

-   Limited by being single-centre based and exploratory in nature.

Introduction {#s1}
============

COVID-19 emerged in December 2019,[@R1] and in a mere few months has spread to more than 104 countries, resulting in an outbreak of viral pneumonia worldwide. As of 12 March 2020, the virus has reportedly caused 127 863 infections and 4718 deaths globally.[@R5] The WHO declared COVID-19 a public health emergency of international concern on 30 January 2020 and further characterised it as a pandemic on 11 March 2020. As there is no effective therapeutic or vaccine for the condition yet, rigorous implementation of traditional public health measures such as isolation, quarantine, social distancing and community containment is the principle strategy used to control the COVID-19 epidemic.[@R6] In addition to isolating patients with confirmed COVID-19 infection from the non-infected population, it is equally if not more important to quarantine asymptomatic individuals with COVID-19 exposure in order to reduce viral spread in the community. Indeed, quarantine measures have been initiated in many countries and regions to restrict movement of asymptomatic individuals with COVID-19 exposure in the community. These individuals are required to stay at home or at designated quarantine facilities. In addition, they are also asked to perform fever and symptom surveillance during the presumed incubation period (14 days). However, as such surveillance is intermittent in nature and highly dependent on self-discipline, it has limited effectiveness Furthermore, it has been reported that as many as 50% of COVID-19 infected patients had no fever until developing full-blown disease,[@R3] thereby body temperature surveillance per se may not be sufficient to detect early disease progression.

In the past few decades, advances in technology has allowed progressive miniaturisation of electronic biosensors such that they can be incorporated into wearable devices to allow continuous monitoring of physiological parameters such as skin temperature, heart rate, respiratory rate, oxygen saturation, perspiration and activity of ambulatory subjects in a 24/7 basis.[@R8] Together with state-of-the-art telecommunication technologies that allow instantaneous and multidirectional massive data transfer, it is now possible to remotely monitor physiological parameters of a large number of subjects in real time. These data can subsequently be relayed to physicians to allow timely intervention. Nonetheless, the potentials of using wearable biosensors to improve disease management have not been fully explored in real world settings. The current study aims to assess the impact of performing continuous remote monitoring of asymptomatic subjects with COVID-19 exposure under mandatory quarantine at designated facilities in Hong Kong using the Biovitals Sentinel platform. The platform consists of a clinical-grade wearable biosensor worn on the upper arm called Everion (Biofourmis, Singapore) which allows continuous multidimensional physiological parameters monitoring and an artificial intelligence-powered physiology analytical platform Biovitals (Biofourmis, Singapore) for detecting disease progression. The research hypothesis is that by collecting continuous physiological data using Biovitals Sentinel and patient-reported outcomes, and processing them with a cloud-based analytics platform, Biovitals, it will be possible to identify physiology changes and detect other clinically meaningful alerts that will indicate early clinical progression in quarantined subjects with COVID-19 exposure.

Methods and analysis {#s2}
====================

This clinical trial protocol follows Standard Protocol Items: Recommendations for Interventional Trials.[@R10] The underlying protocol follows Consolidated Standards of Reporting Trials.[@R12] The clinical trial was registered on clinicaltrials.gov (NCT04343794).

Study design and participants {#s2-1}
-----------------------------

This is a prospective, randomised-controlled, open-labelled study. Asymptomatic subjects with COVID-19 exposure at designated facilities under the compulsory quarantine measure introduced on 8 February 2020 in Hong Kong, fulfilling inclusion and exclusion criteria of the study will be invited to participate in this study. [Box 1](#B1){ref-type="boxed-text"} summarises the inclusion and exclusion criteria.

###### Inclusion and exclusion criteria

### Inclusion criteria

-   Age ≥18 years.

-   Asymptomatic for COVID-19 pneumonia.

-   With close COVID-19 contact under mandatory quarantine at designated facilities in Hong Kong.

-   Voluntarily agrees to participate by providing written informed consent.

### Exclusion criteria

-   Symptoms suggestive of COVID-19 infection including fever, upper respiratory symptoms and/or gastrointestinal symptoms at recruitment.

-   Confirmed COVID-19 infection.

-   Planned laboratory test for COVID-19.

-   Inability or refusal to provide informed consent.

-   Lack of skills in operating simple electronic devices.

There will be two phases of subject recruitment. The initial run-in phase is a single-arm, open-label study design confirmation phase with approximately 100 subjects. All subjects will undergo remote physiological monitoring using the Biovitals Sentinel platform. The data collected from the platform and clinical data from the health system will be used to validate the solution and the study design for the randomised phase. In the subsequent randomised phase, subjects will be randomised in a 1:1 ratio to[@R1] continuous remote physiological monitoring using the Biovitals Sentinel platform (intervention group) or[@R2] usual care (control group) during the 14-day quarantine period ([figure 1](#F1){ref-type="fig"}).
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In addition to daily body temperature monitoring and symptom surveillance in the control group, subjects randomised to the intervention group will wear a multisensor-based wearable armband biosensor, Everion, during the quarantine period. Everion is a wearable vital sign monitor capable of tracking heart rate, heart rate variability, blood oxygen saturation, blood pulse wave, respiration rate at rest, skin blood perfusion, activity, steps, skin temperature, barometric pressure and electrodermal activity. The wearable biosensors will be worn for 22--23 hours per day and be recharged while bathing or showering. In addition, patients will be instructed to report their symptoms and record their cough sounds using the specially designed smartphone application daily. The physiological parameters obtained will be automatically transferred in real time through a specially designed smartphone application to a secured cloud storage for processing using the Biovitals Analytics Engine. The results will be displayed on a web-based clinician's dashboard for review ([figures 2--5](#F2 F3 F4 F5){ref-type="fig"}). The Biovitals Analytics Engine will process these multidimensional physiology parameters to detect subtle physiological changes preceding critical events, thereby enabling clinicians to promptly review and intervene. As an additional safety measure, specific alert thresholds for individual physiological parameters have also been set. Study investigators will remotely review the individual subject's physiological parameters every 4 hours, and order diagnostic tests for COVID-19 infection through instant communication (electronic communication and/or phone). In addition, after the initial run-in phase and having recruited an adequate number of subjects with subsequently confirmed COVID-19, the collected physiological data will be used to enhance the Biovitals prediction model for COVID-19 infection using machine learning technology.
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Outcomes {#s2-2}
--------

The primary outcome measure is the time to detection of COVID-19 infection using nasopharyngeal sampling for COVID-19 reverse transcription polymerase chain reaction (RT-PCR).

The secondary outcomes include wearable device adherence, sensitivity, specificity, positive predictive value, negative predictive value and the area under the receiver operating characteristic curve of Biovitals Sentinel in identifying COVID-19 subjects, viral load of COVID-19 using nasopharyngeal sampling for RT-PCR at diagnosis, cross-infection rate within family cluster, length of hospital stay, length of intensive care unit stay, non-invasive and invasive ventilation use, National Early Warning Score 2, worsening of comorbidities and mortality.

Sample size and statistical analysis {#s2-3}
------------------------------------

The sample size for the randomisation phase will be determined based on the result from the phase I run-in period involving approximately 100 subjects. The sample size of the run-in period was determined by convenience sampling because there were no previous research-themed studies. To explore and estimate the effect of longitudinally measured clinical and physiological data on the time-to-event of primary and secondary outcomes, joint modelling of longitudinal and time-to-event data analysis, and other statistical and/or machine learning-based methods will be used. Data normality of continuous variables will be assessed using skewness statistics. Baseline characteristics of the two study groups will be compared using analysis of variance, χ^2^ or Fisher's exact tests, as appropriate. Analysis of the primary and secondary outcomes will conform to the intention-to-treat principle. Cox regression analysis will be performed to compare the time to diagnosis of COVID-19 infection between the study groups with adjustment for potential confounders. For other secondary outcomes, the generalised estimating equations model will be used to compare the differential changes in each of the outcomes across the 14-day time points between the two study arms, with adjustment for potential confounders.

Randomisation {#s2-4}
-------------

Patients will be randomised either to the Intervention group or Control group using a computer-generated random number to derive allocation sequence prior to enrolment in the study. Study staff responsible for enrolment will be informed of the randomisation assignment after entering the information of the subjects to a designated computer system. If a subject is found to be ineligible for the study after randomisation, the original assignment will be reassigned to the next eligible subject. Subjects and clinicians will not be blinded to the randomisation assignment. Data staff responsible for data entry will be blinded from randomisation assignment.

Data collection and management {#s2-5}
------------------------------

After enrolment, each subject will be assigned a unique identifier to be used in the database. Data will be entered by study staff and data accuracy will be verified by the principal investigator of the study. Data quality control measures include queries to identify missing data, outliers and discrepancies. The database will be password protected and encrypted. Only study staff will have access to the database. Subjects who withdraw from the study will have continuous monitoring stopped, usual care continued and final outcome collected for analysis.

Data monitoring {#s2-6}
---------------

Due to the minimal risk nature of the study, there is no external data and safety monitoring board. The principal investigator and study staff will monitor data internally and meet weekly in person or by phone to ensure the study is proceeding as intended.

Patient and public involvement {#s2-7}
------------------------------

We received inputs from quarantined individuals and healthcare providers which guided the design of the current study and the choice of research questions. No quarantined individuals or the public were directly involved in the design of the study and choice of outcome measures. No quarantined individuals or the public will be involved in recruitment or conduct of the study. Results of the study will be disseminated to subjects, the public and the scientific community.

Ethics and dissemination {#s3}
========================

The investigation conforms to the principles outlined in the Declaration of Helsinki. The study protocol has been approved by the Institutional Review Board of The University of Hong Kong, and Hong Kong West Cluster, Hospital Authority, Hong Kong. Written informed consent will be obtained from all study participants by the study staff responsible for recruitment ([online supplementary files 1 and 2](#SP1 SP2){ref-type="supplementary-material"}). Important protocol modifications will be conveyed to investigators, the institutional review board, trial registries, regulators, journals and trial participants. After enrolment, each subject will be assigned a unique identifier to be used in the database. The personal identity of the subjects will not be used for any public purpose or for publication, nor will it be transmitted outside of the study team.
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The data set used during the study will be available from the corresponding author upon reasonable request. Collaboration with other investigators interested in optimising quarantine strategies for COVID-19 will be welcomed. The results of the trial will be published in peer-reviewed journals and presented in conferences.

Discussion {#s4}
==========

Emerging in December 2019, COVID-19 has spread at a rate far outstripping the capacity of many medical systems.[@R14] Traditionally, public health measures including isolation and quarantine are the cornerstone to curb the spread of infectious diseases by interrupting person-to-person transmission, and are particularly important when no specific therapeutics or vaccines are available.[@R6] Indeed, early detection of infected individuals among those with viral exposure followed by isolation would effectively reduce overt viral shedding in the community; nonetheless, early detection can be challenging.

Symptom and fever surveillance among individuals with COVID-19 exposure is a commonly used method to detect infected individuals in the absence of medical testing. However, symptom declaration and intermittent body temperature measurement per se may not be sufficient to detect early disease progression. Indeed, up to 50% COVID-19 infected patients were so-called 'asymptomatic' and did not have fever until the full-blown disease.[@R7] Conceivably, while fever is one of the cardinal symptoms specific for active infection, many other physiological alterations such as heart rate, respiratory rate, oxygen saturation, perspiration and so on may likewise indicate active infection. However, practically speaking, they are more difficult to accurately measure without medical training.

The intervention arm of the current study differs from the existing symptom and fever surveillance-based quarantine programme in several important aspects. By incorporating a wide range of continuously collected physiological parameters instead of solely relying on intermittent body temperature, it is possible to more accurately assess an individual's physiological changes for detecting early disease progression.[@R9] At the same time, the use of contemporary mobile communication technology facilitates automatic collection and transfer of physiological data. These measures can enhance patient compliance with the monitoring system as well as greatly shorten the time between detection of an abnormality and subsequent intervention. In the past decades, wearable technology has been increasingly used for medical diagnosis, most notably in arrhythmia detection.[@R15] Indeed, by continuously collecting multidimensional physiological parameters and analysing them with machine learning techniques, it is possible to acquire a much more in-depth understanding of different disease processes, which potentially allows us to improve clinical management. Nonetheless, such potentials have not been fully explored in real world disease management. In the short term, the results of the current study may provide insights into detecting disease progression of COVID-19 through physiological data monitoring and possible ways to reduce the spread of the disease. In the long term, the study may demonstrate an important example of how wearable technologies and machine learning techniques can be incorporated into existing medical services.

The clinical trial is limited by its single-centred characteristic and being exploratory in nature.
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